Abstract -A minor species of isoleucine tRNA (tRNA&{gor) specific to the codon AUA was purified from Escherichia coli, and a novel modified nuleoside Nt in the first position of the anticodon was prepared. From the NMR analysis, the mass spectrometry and chemical synthesis, the structure of nucleoside Nt was determined as 4-amino-2-( #-L-l sino)-1-( fi -D-ribofuranosy1)pyrimidinium (lysidine). The gene for tRNA&fgOr (ileX) was isolated and lysidine was found to be coded by cytidine. Lysidine (L) is a novel type of modified nucleoside, lysine-substituted cytidine. Because of this unique structure, lysidine in the first position of anticodon recognizes adenosine but not guanosine in the third position of codon. Lysidine in tRNA&igor was replaced with unmodified cytidine, which resulted in a remarkable reduction of the isoleucine-accepting activity and an unexpected appearance of the methionine-accepting activity. cytidine to 1ysidine.in the anticodon concurrently converts the amino acid specificity and codon specificity of tRNA&{gor. This finding is important for the discussion on the evolution of assignment of the codon AUA to isoleucine or methionine in mitochondria.
INTRODUCTION
In protein biosynthesis, certain tRNA species recognize more than one codons and the number of tRNA species required for translating genetic codes on mRNA is appreciably smaller than the number of amino acid codons. In contrast to mRNA, tRNA species are modified at several specific sites after being transcribed from DNA. In particular, uridine in the first position of anticodon is almost always modified (ref. 1). We have found, from proton NMR analyses of modified pyrimidine nucleosides and nucleotides, that those two types of modifications remarkably affect the conformational characteristics of the anticodon moiety, and contribute to the correct translation of the codons of Gln, Lys and Glu and to the efficient translation of the codons of Val, Ser, Pro, Thr and Ala (ref. 2) .
In the hope of the complete elucidation of the molecular mechanism in the regulation of the codon recognition, we have taken up the problem of the recognition of the codons for Ile and Met. Only there in the genetic code table, a codon box is divided into three codons for one amino acid (Ile) and one codon for the other amino acid (Met). In Escherichia coli, there are two tRNA s ecies known to be specific to isoleucine. The codons AUU and AUC are recognized by tRNA&[for that has guanosine in the first position of the anticodon (ref.
3 ) . On the other hand, the codon AUA is recognized by tRNA, &, , (ref. 4) , the primary structure of which has been tentatively determined (ref. 5), although the modified nucleoside Nt in the first position of anticodon has not been identified.
DETERMINATION OF CHEMICAL STRUCTURE OF NOVEL MODIFIED

NUCLEOSIDE
Purification of E. coli tRNAJf&r.
ficient for the determination of the chemical structure of Nt was purified from unfractionated tRNA (160,000 A260 unit) from E. coli A19. tRNA&igor was purified by successive chromatography on columns of DEAE-Sephadex A-50 at pH 7.5, DEAE-Sephadex A-50 at pH 4.0, benzoylated DEAE-cellulose, Sepharose 4B, and benzo lated DEAE-cellulose. Thus, a total of 90 A260 units of the purified preparation of tRNA&fgor was obtained (ref. In the present study, a large amount of tRNA&{gor suf-Nucleotide sequence of E . coli tRNALfgor. the method described by Kuchino et a1 (ref. 5, 7) and was confirmed by the . The nucleotide sequence of this tRNA&,, (Fig. 1) ... side is probably protonated at neutral pH to form 4-amino
Chemical synthesis of kZC. In the hope of determining the structure of nucleoside N+, an unequivocal synthesis of k2C was performed which utilized the substitution of 4-amino-2-methylthio-1-( -D-ribofuranosy1)pyrimidinium chloride (1) Comparison of nucleoside N) and authentic k2C. The chemically synthesized k2C was found to be identical with that of nucleoside Nt, from the comparison of UV absorption spectrum, the retention time in HPLC on an ODS column, lH-NMR and mass spectra. has an L-lysine moiety rather than a D-lysine moiety, just as the chemically synthesized k2C having an authentic L-lysine moiety (ref. 6).
Ionization state of nucleoside N).
found to migrate as fast as 1,6-dimethyladenosine with one positive charge. Further, the analysis of the pH dependence of proton chemical shifts of nucleoside Nt indicates that in the pH range 3.5-8.5, nucleoside Nt has one net positive charge in the 2,4-diaminopyrimidine moiety ( Fig. 2) (ref. 6) .
Probably, nucleoside Nt
In paper electrophoresis at pH 8, nucleoside Nt was 2. In order to determine the nucleoside precursor of N , the gene of tRNAii&,, (ileX) was cloned from E. coli and Nt was found to be coded by cytidine (ref. 9 ) . Nucleoside Nt is a novel type of nucleoside; in particular, nucleoside Nt is the first example of lysine substituted nucleoside. We propose to call nucleoside Nt as "lysidine" (a hybrid of lysine and cytidine) with a one-letter code "L". Probably this nucleoside L is derived from cytidine by substituting the oxygen atom in position 2 with s-nitrogen atom of L-lysine.
Lysidine specifically recognizes adenosine but not guanosine. codon AUA only (4); lysidine (L) in the first position of the anticodon specifically recognizes adenosine rather than guanosine. There are two probable structures for the base pair of L and A. In one model, nucleoside L is in a tautomeric form with an NHR group in position 2 and an NH2 group in position 4. On the other hand, in the other model, nucleoside L is in a tautomeric form with an >NH group in position 3 and an =NH group in position 4. However, the presence of the bulky group R in position 2 does not allow the formation of base bair with guanosine. Thus, the modification of C to L in the first position of the anticodon will avoid the mistranslation of the methionine codon AUG to isoleucine (ref. 6 ) .
tRNAi{aor recognizes the
EFFECT OF MODIFICATION OF AMINOACYLATION OF ~R N A~~~~~ SPECIES
Effect of modification of cytidine to lysidine on aminoacylation of tRNA. E. coli tRNAi{aor has been found to be coded by CAT, that is characteristic to tRNAMet (ref. 9). Thus, on1 after the post-transcriptional modification of C(34), the anticodon (LAU) of E. coli tRNAiigor is matured from the anticodon CAU, that should recognize the methionine codon AUG. Then, what should happen to the aminoacylation of the tRNA species, if the modification of the anticodon from C to L did not occur? If an immature tRNA species with the anticodon CAU accepts isoleucine, this should result in the mistranslation of the codon AUG to isoleucine rather than methionine. This problem may be solved by the aminoacylation experiments on a putative precursor of E. coli tRNAi{gor, where L(34) is replaced by cytidine, the precursor of lysidine.
Substitution of the anticodon of tRNAlfifgor with CALI.
was prepared by the use of a variety of enzymes. clease A to yield the 5'-half molecule, which was then elongated by the ligation with pUCAp after dephosphorylation of the 5'-teminus. tRNAiiaor was cleaved also with ribonuclease U 2 to yield the 3'-half molecule. The elongated B'-half molecule and the 3'-half molecule were annealed and then ligated fo form tRNA&{&or(CA"), a putative precursor of tRNAiigor with the anticodon CAU (ref. 9).
Isoleucine accepting activi;feof tRNAjfgor(CAu). tRNA&jgor species is charged with isoleucine as efficiently as tRNAmaJor, However, the isoleucine-accepting activity of tRNAiigor was remarkably reduced by the substitution of L(34) with cytidine. isoleucyl-tRNA synthetase has been considered not to reco nize the first letter of anticodon, since this enzyme charges isoleucine to both of tRNAieor and tRNAi]aor which are different from each other in the first letter of the anticodon. However, in the present study, isoleucyl-tRNA synthetase was found no longer to charge tRNAi+aor(CAU) (ref. 9). These indicate that this enzyme discriminates against tRNA species with the methionine anticodon CAU, avoiding mistranslation of the methionine codon AUG; cytidine in the first position of anticodon constitutes a "negative" determinant for the aminoacylation by isoleucyl-tRNA synthetase.
Methionine accepting activity of tRNAifgor. charged with methionine. Surprisingly, however, upon the substitution of lysidine with cytidine, tRNAi]~or(CAU) was efficiently charged with methionine (ref. 9). the tRNAiet. ognition by this enzyme (refs. 10,ll). Probably, for the aminoacylation by methionyl-tRNA
The anticodon of The putative precursor of tRNAilaor E. coli tRNAiiaor was cleaved by ribonuThis was surprising; Naturally, tRNAiQJeor or tRNA&,, may not be This suggests ossibility that a precursor tRNA&igor(CAU) with the methionine anticodon serves as a
The nucleoside in position 34 of tRNAs has been found to be critical for the rec-synthetase, cytidine in the first position of the anticodon constitutes a "positive" determinant.
Concurrent conversion of amino acid specificity and codon specificity. present series of studies (ref. 6 , 9 ) , the chemical structure of a novel modified nucleoside in the first position of the anticodon of tRNA!laor from E. coli was determined. nucleoside LYSIDINE is coded by cytidine in the structure gene of this tRNA species and has a lysine moiety substituted in position 2 of the cytosine ring. modification from cytidine to lysidine concurrently converts the amino acid specificity and codon specificity of tRNA&&,, (Fig. 3 ) .
In 1 3 ) , the codon AUA is used for methionine rather than for isoleucine. We suggest that, in mitochondria of those organisms, the gene of the putative enzyme for the modification from cytidine to lysidine was lost. This resulted in the occurrence of tRNA species with the unmodified anticodon CAU, which eventually evolved into tRNAMet.
(set of) enzyme for the post-transcriptional modification from cytidine to lysidine is directly involved in the alternative use of the codon AUA for methionine or isoleucine.
